Introduction {#section1-1177271918785130}
============

Cardiovascular diseases (CVDs) are the most prevalent cause of deaths worldwide. In 2015, the number of CVD-related deaths represented 31% of all deaths globally ([www.who.int/cardiovascular_diseases](http://www.who.int/cardiovascular_diseases)). To date, there are limited approaches available for the control and/or management of CVD-related mortality.^[@bibr1-1177271918785130]^

Natto, a cheese-like food made of soybeans fermented with *Bacillus subtilis*, has been consumed as a traditional food in Asian countries for more than 2000 years. Natto consumption is believed to be a significant contributor to the longevity of the Japanese population.^[@bibr2-1177271918785130]^ Recent studies demonstrated that a high natto intake was associated with decreased risk of total CVD mortality and, in particular, a decreased risk of mortality from ischaemic heart diseases.^[@bibr2-1177271918785130]^

Before the 1980s, very little was known about the mechanism by which natto consumption led to overall cardiovascular health. In 1987, Sumi et al^[@bibr3-1177271918785130]^ discovered that natto contained a potent fibrinolytic enzyme called nattokinase (NK). Since then, a considerable amount of NK research has been performed on NK in Japan, Korea, China, and the United States, and these studies confirmed that NK, an alkaline protease of 275 amino acid residues with a molecular weight of approximately 28 kDa,^[@bibr4-1177271918785130]^ is the most active ingredient of natto and is responsible for many favourable effects on cardiovascular health. First, NK has potent fibrinolytic/antithrombotic activity.^[@bibr3-1177271918785130][@bibr4-1177271918785130][@bibr5-1177271918785130]--[@bibr6-1177271918785130]^ In addition, in both animal and human studies, NK also has an antihypertensive,^[@bibr7-1177271918785130],[@bibr8-1177271918785130]^ anti-atherosclerotic,^[@bibr9-1177271918785130],[@bibr10-1177271918785130]^ lipid-lowering,^[@bibr9-1177271918785130],[@bibr11-1177271918785130]^ antiplatelet/anticoagulant,^[@bibr12-1177271918785130]^ and neuroprotective actions.^[@bibr13-1177271918785130],[@bibr14-1177271918785130]^ All these pharmacologic actions of NK have relevance to the prevention and treatment of CVD. Indeed, NK supplementation has shown to enhance markers of fibrinolysis and anticoagulation and to decrease blood pressure (BP) and atherosclerosis in human subjects.^[@bibr8-1177271918785130],[@bibr9-1177271918785130],[@bibr15-1177271918785130][@bibr16-1177271918785130]--[@bibr17-1177271918785130]^

The most unique feature of NK is that, as a single compound, it possesses multiple CVD preventative and alleviating pharmacologic effects (namely, antithrombotic, antihypertensive, anticoagulant, anti-atherosclerotic, and neuroprotective effects). There are no other drugs or drug candidates with multiple pharmacologic properties similar to NK. In addition, NK is a natural product that can be administered orally, has a proven safety profile, is economical to use, and provides distinct advantages over other pharmaceutical products. It therefore has the potential to be developed as a new-generation drug for the prevention, treatment, and long-term care of CVD.^[@bibr7-1177271918785130]^

The present review aims to concisely summarise the key pharmacologic effects and mechanisms of action of NK with a focus on their relevance to, and potential for, the prevention and treatment of CVD. The advantages of NK as an agent for the management of CVD will be outlined. Some remaining issues surrounding NK as a drug candidate for CVD will be critically reviewed and analysed.

Pharmacologic Actions of NK {#section2-1177271918785130}
===========================

The pharmacologic effects and mechanisms of action of NK will be reviewed and summarised under the following subheadings: fibrinolytic/antithrombotic effects, anti-atherosclerotic and lipid-lowering effects, antihypertensive effects, antiplatelet/anticoagulant effects, and neuroprotective actions as summarised in [Figure 1](#fig1-1177271918785130){ref-type="fig"}.

![Pharmacologic actions of nattokinase as related to cardiovascular health and disease.](10.1177_1177271918785130-fig1){#fig1-1177271918785130}

Potent fibrinolytic/antithrombotic effects of NK {#section3-1177271918785130}
------------------------------------------------

Although natto has been consumed in Asia for thousands of years, the fibrinolytic property of NK was only discovered in 1987.^[@bibr3-1177271918785130]^ Since this initial discovery, multiple laboratory and human studies have consistently reported the potent antithrombolytic action of NK.^[@bibr18-1177271918785130],[@bibr19-1177271918785130]^

A considerable amount of work has been performed to evaluate the thrombolytic effects of NK in vitro and in animal models. Using a rat model, Fujita et al^[@bibr5-1177271918785130]^ examined the effect of NK on chemically induced thrombi in the common carotid artery (CCA) and found NK to be 4 times more potent than plasmin in thrombus dissolution. At a concentration of 2836 FU, NK lysed 88% of thrombi within 6 hours,^[@bibr20-1177271918785130]^ and NK exhibited significant prophylactic antithrombotic effects in vivo. The efficacy of NK against thrombosis was confirmed in a carrageenan-induced tail thrombosis model.^[@bibr21-1177271918785130]^ The survival rate of mice with pulmonary thrombosis was increased by NK and the formation of thrombosis in mice was remarkably inhibited by NK, demonstrating significant antithrombotic effects.^[@bibr22-1177271918785130]^ In addition, in a model of rat experimental pulmonary thrombosis, oral administration of NK led to a decrease in thrombus count and plasma euglobulin lysis time (ELT), as well as an increase in tissue plasminogen activator (tPA), indicating that NK is capable of activating plasma fibrinolysis in vivo.^[@bibr23-1177271918785130]^ Omura et al^[@bibr24-1177271918785130]^ further found that a purified protein layer, NKCP, which mainly consisted of NK, had both fibrinolytic and antithrombotic effects, which they described as being similar to that of heparin. In rats, Natto treatment shortened ELT and significantly prolonged partial thromboplastin time compared with a nontreated rat group.^[@bibr25-1177271918785130]^

It is now known that NK not only degrades fibrin directly and effectively but also increases the release of tPA with a subsequent increase in the formation of plasmin.^[@bibr5-1177271918785130],[@bibr17-1177271918785130],[@bibr26-1177271918785130][@bibr27-1177271918785130]--[@bibr28-1177271918785130]^ Plasminogen activator inhibitor 1 (PAI-1) is the primary inhibitor of tPA and regulates fibrinolytic activity in the fibrinolytic cascade.^[@bibr29-1177271918785130]^ In a study investigating the mechanism by which NK exerted its fibrinolytic effect, NK enhanced fibrinolysis through cleavage and inactivation of PAI-1.^[@bibr4-1177271918785130]^ In this study, NK was shown to cleave active recombinant prokaryotic PAI-1 into low-molecular-weight fragments as well as enhance tissue-type plasminogen activator--induced fibrin clot lysis. The enhanced fibrinolytic activity observed in the absence of PAI-1 appeared to be induced through direct fibrin dissolution by NK.^[@bibr4-1177271918785130]^ Nattokinase also enhanced the production of clot-dissolving agents such as urokinase through the conversion of prourokinase to urokinase.^[@bibr5-1177271918785130],[@bibr19-1177271918785130]^ Furthermore, NK was shown to be capable of blocking thromboxane formation resulting in an inhibition of platelet aggregation without producing the side effect of bleeding.^[@bibr12-1177271918785130]^ Thus, NK was found to be a potent antithrombotic agent, and, by reducing thrombus formation, was able to slow the progression of plaque formation and reverse evolving atherosclerotic lesions.^[@bibr10-1177271918785130]^

Data from human studies also strongly support NK or natto as a potent and promising fibrinolytic agent. In an early human trial, oral administration of NK was shown to produce a gradual enhancement of fibrinolytic activity in the plasma, as indicated by plasma ELT and the production of tPA.^[@bibr6-1177271918785130]^ Following administration of natto bacillus (100 mg/kg) to healthy adult volunteers, ELT was reduced and tPA activity was increased significantly (*P* \< .05).^[@bibr23-1177271918785130]^ In an open-label, self-controlled clinical trial, Hsia et al^[@bibr17-1177271918785130]^ found that after 2 months of administration, fibrinogen, factor VII, and factor VIII levels were decreased significantly implying a promising cardiovascular benefit from NK administration. Even after a single dose of oral NK at 2000 FU, blood fibrin/fibrinogen degradation product levels were significantly increased 4 hours after NK administration (*P* \< .05), confirming elevation of thrombolysis and anticoagulation profiles.^[@bibr16-1177271918785130]^ Hsia's study supported NK as a useful fibrinolytic/anticoagulant agent to reduce the risk of thrombosis and CVD in humans.

Thrombosis is a common pathology underlying ischaemic heart disease, ischaemic stroke, and venous thromboembolism.^[@bibr30-1177271918785130]^ Thrombolytic/fibrinolytic therapy is used in myocardial infarction, cerebral infarction, and, on occasion, in massive pulmonary embolism. Fibrinolytic therapy can, in many circumstances, reduce mortality. As a result, the use of such treatments has increased rapidly in recent years.^[@bibr31-1177271918785130]^ Commonly used commercial thrombolytic agents, such as plasminogen activators, streptokinase, and anisoylated plasminogen streptokinase-activator complex, all come with serious drawbacks and adverse effects. These thrombolytic drugs are usually expensive, have a short half-life after intravenous administration, and lead to uncontrollable acceleration of fibrinolysis and haemorrhaging. To overcome these risks, a safer thrombolytic agent such as NK is needed for the treatment of thrombolytic disorders or CVD.^[@bibr5-1177271918785130]^

Anti-atherosclerotic and lipid-lowering effects of NK {#section4-1177271918785130}
-----------------------------------------------------

The underlying pathological change shared by many CVDs is atherosclerosis, which is the primary cause of heart disease and stroke.^[@bibr32-1177271918785130]^ Therefore, drugs that have anti-atherosclerotic effects would have broad clinical relevance; however, these types of drugs are difficult to come by. Nattokinase would appear to be one of those drugs that have such promising anti-atherosclerotic and lipid-lowering effects.

A number of animal studies exploring NK as an anti-atherosclerotic agent have demonstrated that dietary natto extract supplementation suppresses intimal thickening in rats when compared with the control group.^[@bibr10-1177271918785130],[@bibr33-1177271918785130]^ The suppression of intimal thickening after vascular injury may be attributable to the enhanced thrombolytic activities of NK.^[@bibr10-1177271918785130],[@bibr33-1177271918785130]^ There was a striking difference in intimal thickening between the control group and natto fed group where the animals were fed the natto extract or NK for 3 weeks before the injury. Both NK and the natto extract suppressed intimal thickening in rats with endothelial injury. Although Chang et al^[@bibr34-1177271918785130]^ believed that the natto extract suppressed intimal thickening through a synergistic effect attributed to its antioxidant and antiapoptotic properties, other study demonstrated that NK prevented arteriosclerosis by its direct antioxidant effect leading to reduced lipid peroxidation and improved lipid metabolism (inhibition of low-density lipoprotein \[LDL\] oxidation).^[@bibr35-1177271918785130]^ When used in combination with red ginseng, NK was found to reduce aortic plaque area in hypercholesterol diet--fed rabbits.^[@bibr36-1177271918785130]^

In a recent clinical study conducted in our laboratory,^[@bibr9-1177271918785130]^ daily NK supplementation was an effective way to suppress the progression of atherosclerosis in patients with atherosclerotic plaques. Following NK treatment for 26 weeks, there was a significant reduction in CCA intima-media thickness (CCA-IMT) and carotid plaque size when compared with the baseline before treatment. The carotid plaque size and CCA-IMT reduced from 0.25 ± 0.12 cm^2^ to 0.16 ± 0.10 cm^2^ and from 1.13 ± 0.12 mm to 1.01 ± 0.11 mm, respectively. The reduction in the NK group was more significant (*P* \< .01) than that in the group treated with simvastatin (daily dose of 20 mg). Our data suggested that NK was a better alternative to statins, a commonly used drug to reduce atherosclerosis, and furthermore, NK could be a viable alternative therapy for cardiovascular attack and stroke in patients.^[@bibr9-1177271918785130]^

The underlying mechanisms by which NK suppresses atherosclerosis are not known. Early studies indicated that NK enhanced thrombolytic activities.^[@bibr10-1177271918785130],[@bibr33-1177271918785130]^ Available data suggest that the anti-atherosclerotic effect of NK is due to the collective effects of the combination of antithrombotic, anticoagulant, antioxidant, and lipid-lowering effects of NK or natto extract containing NK.^[@bibr9-1177271918785130],[@bibr35-1177271918785130][@bibr36-1177271918785130]--[@bibr37-1177271918785130]^

In addition to its anti-atherosclerotic effects, NK or natto extract also has a favourable effect on lipids. Using NK or natto extract containing NK, studies from various laboratories^[@bibr25-1177271918785130],[@bibr36-1177271918785130][@bibr37-1177271918785130][@bibr38-1177271918785130][@bibr39-1177271918785130][@bibr40-1177271918785130]--[@bibr41-1177271918785130]^ confirmed that NK has a hypolipidaemic effect and can significantly reduce the increased serum triglycerides, total cholesterol, and LDL cholesterol (LDL-C) levels in animal models. Our studies found that in patients with hyperlipidaemia, NK treatment (26 weeks at 6500 FU) reduced total cholesterol, LDL-C, and triglycerides. In addition, NK increased the level of high-density lipoprotein cholesterol (HDL-C).^[@bibr9-1177271918785130]^ However, in a small pilot study, Wu et al^[@bibr42-1177271918785130]^ observed a decrease in serum cholesterol, LDL-C, and HDL-C in the NK treatment group following 8 weeks of treatment at a dose of 4000 FU, although the difference was not statistically significant. The insignificant change in serum lipid level observed by Wu et al may be related to the relatively low dosages used and a shorter treatment period. Considering the dosages used in the laboratory studies, showing that hypolipidaemic effects were quite high (eg, Xie et al^[@bibr38-1177271918785130]^ used a daily dose between 90 and 360 mg/kg in their rats, whereas Wu et al used 400 mg daily in their patients), the lipid-lowering action of NK possibly requires a relatively higher dose or longer treatments.

Antihypertensive effects of NK {#section5-1177271918785130}
------------------------------

Natto has been observed to have a beneficial effect on CVDs by lowering BP. In an in vitro study, it was found that natto contained relatively strong inhibitors that suppress angiotensin-converting enzyme (ACE), a key enzyme responsible for the production of a hypertensive peptide hormone, angiotensin II, in the renin-angiotensin system.^[@bibr43-1177271918785130]^

In 2008, Kim et al^[@bibr8-1177271918785130]^ conducted the first randomised double-blinded placebo-controlled trial to investigate the effects of NK supplementation on BP in prehypertension or stage 1 hypertension subjects. Oral administration of NK for 8 weeks resulted in a reduction of both systolic and diastolic BP (net changes were −5.55 and −2.84 mm Hg, respectively, *P* \< .05). The results suggested that NK could play a role in the prevention and treatment of hypertension.^[@bibr8-1177271918785130]^ Very recently, a study by Jensen et al^[@bibr15-1177271918785130]^ suggested that NK consumption for 8 weeks was associated with beneficial changes to BP in patients having hypertension. This is consistent with several laboratory studies demonstrating effective reduction of BP in spontaneous hypertensive rats by NK administration.^[@bibr7-1177271918785130],[@bibr44-1177271918785130][@bibr45-1177271918785130][@bibr46-1177271918785130]--[@bibr47-1177271918785130]^

The mechanism by which NK decreased BP in hypertensive conditions is not clear. Jensen et al^[@bibr15-1177271918785130]^ found that the decline of BP in hypertensive patients in their study was independent of plasma renin activity and the role of ACE in the antihypertensive action of NK is somewhat controversial. Although studies in humans showed that ACE concentrations did not demonstrate a statistically significant difference in patients receiving NK treatment,^[@bibr8-1177271918785130]^ other studies using animal models suggested that the antihypertensive action of NK is related to the inhibition of angiotensin I--converting enzyme.^[@bibr46-1177271918785130]^ In a study using spontaneously hypertensive rats, NK and its fragments reduced hypertension by different mechanisms.^[@bibr7-1177271918785130]^ Nattokinase may decrease BP through cleavage of fibrinogen in plasma, whereas the fragments of NK potentially prevented the elevation of plasma angiotensin II level to suppress hypertension in rats.^[@bibr7-1177271918785130]^ Ibe et al^[@bibr47-1177271918785130]^ found that natto significantly decreased BP 4 hours after oral administration in spontaneously hypertensive rats and the ACE inhibition of natto was dose dependent. Natto extracts from *B subtilis*--fermented pigeon pea also significantly increased ACE inhibitor activity in hypertensive rats.^[@bibr44-1177271918785130]^

Given the significant side effects associated with the long-term use of antihypertensive drugs,^[@bibr48-1177271918785130]^ NK could be a promising alternative for the management of hypertension in patients with CVD. Thus, daily use of NK could be a successful strategy for the treatment of hypertension.^[@bibr45-1177271918785130]^

Antiplatelet/anticoagulant effects of NK {#section6-1177271918785130}
----------------------------------------

Low-dose aspirin (85-100 mg daily), as a potent anticoagulant agent, is widely used for the prevention of heart attacks, stroke, and atherothrombotic diseases. Aspirin exerts its antiplatelet action by inhibiting cyclooxygenase (COX) and subsequently reducing the synthesis of thrombogenic thromboxane A2 (TXA2) in platelets. However, the long-term use of aspirin comes with serious gastrointestinal (GI) side effects and bleeding.^[@bibr49-1177271918785130]^ In a study comparing the antiplatelet effects of NK and aspirin, NK was shown to display excellent antiplatelet aggregation and antithrombotic activities in vitro and in vivo, inhibiting thromboxane B2 formation from collagen-activated platelets.^[@bibr12-1177271918785130]^ Wang et al^[@bibr50-1177271918785130]^ found that NK decreased fibrinogen levels in a cerebral ischaemic model and concluded that this was mediated by a pathway similar to that of aspirin. Natto showed an excellent inhibitory effect on platelet aggregation induced by adenosine 5ʹ diphosphate and collagen.^[@bibr25-1177271918785130]^ In addition, NK was found to have positive in vitro haemorheological effects by decreasing red blood cell aggregation and low-shear viscosity.^[@bibr51-1177271918785130]^

All the above data suggest that NK could be a good candidate, without any obvious adverse effects, for the improvement of blood flow and possibly superior to aspirin.

Neuroprotective effects of NK {#section7-1177271918785130}
-----------------------------

Nattokinase is capable of degrading amyloid fibrils at neutral pH and normal body temperature, suggesting a role in the treatment of amyloid-related diseases such as Alzheimer disease (AD).^[@bibr52-1177271918785130]^ The ability of NK to dissociate amyloid suggested that NK was a potential drug candidate for amyloid-related disorders and this was confirmed in a recent study involving both in vivo and in vitro models.^[@bibr53-1177271918785130]^ Oral administration of NK in the rat model of AD demonstrated a positive effect in modulation of specific factors in the AD pathway.^[@bibr13-1177271918785130]^ In a rat model of cognitive deficits of AD induced by intoxification of colchicine, nano-nutraceuticals containing NK were demonstrated to enhance the impaired learning and memory capability and to be effective inhibitors in the suppression of amyloid-β and BACE-1 activity, thus suggesting a neuroprotective efficacy of NK.^[@bibr54-1177271918785130]^ Ahmed et al^[@bibr55-1177271918785130]^ demonstrated that NK, at a dose of 360 FU/kg, significantly decreased cholinesterase activity, TGF-β, IL-6, and p53 levels accompanied by a significant increase in Bcl-2 levels as compared with an untreated AD control group. Their data suggested that the neuroprotective effect of NK was due to its proteolytic, anti-inflammatory, and antiapoptotic effects.

In one of the early clinical studies describing the role of NK in the prevention of stroke progression in patients with acute ischaemic stroke, the authors demonstrated a clear neuroprotective effect in patients.^[@bibr56-1177271918785130]^ The neuroprotective effects of NK were demonstrated in a photothrombotic stroke mouse model. Ahn et al^[@bibr57-1177271918785130]^ suggested that the neuroprotective effect in the ischaemic brain was induced through improved blood flow by inhibiting platelet aggregation and thrombus formation by NK, as reported in a conference abstract. Oral intake of NK was also shown to confer neuroprotective effects against focal cerebral ischaemia as evidenced by reduced infarct volume in gerbils through enhanced fibrinolytic activity.^[@bibr50-1177271918785130]^ Regarding the mechanism by which NK protects the brain in ischaemic stroke, a study by Ji et al^[@bibr14-1177271918785130]^ showed that the neuroprotective effect of NK was associated with its antiplatelet activity, antiapoptotic effect, its ability to relax vascular smooth muscle, and its protection of endothelial cells through increased fibrinolytic activity and facilitating spontaneous thrombolysis.

Cardiovascular health is closely linked to brain health. There is a strong causal association between CVD risk factors with the incidence of cognitive decline and AD.^[@bibr58-1177271918785130]^ Therefore, neuroprotective effects of drugs used in patients with CVD have great potential and would add benefits to patients' overall outcome. Despite more than 100 neuroprotective agents demonstrating neuroprotective effects on focal ischaemic stroke in recent preclinical studies, none has proven to be beneficial in clinical studies.^[@bibr59-1177271918785130]^ Hence, more effective drugs, with proven neuroprotective actions, for the management of cerebrovascular diseases, such as ischaemic heart disease and stroke, are urgently needed.

Clinical Human Studies of NK {#section8-1177271918785130}
============================

Although NK has recently gained popularity as a candidate drug for CVD, clinical investigations of NK in humans are relatively limited. The first NK clinical study conducted in 1990 aimed to assess its fibrinolytic activity in healthy subjects after oral administration.^[@bibr6-1177271918785130]^ A further Japanese study examined the efficacy of NK in the prevention of stroke progression in patients with acute ischaemic stroke and showed clear beneficial effects in these patients after oral administration.^[@bibr56-1177271918785130]^ As shown in [Table 1](#table1-1177271918785130){ref-type="table"}, there are no more than 10 published clinical studies covering the use of NK or the natto extract. Other related NK clinical studies include investigations of antihypertensive effects in patients in North America^[@bibr15-1177271918785130]^ and Asia.^[@bibr8-1177271918785130]^ Further studies also include anti-atherosclerotic and lipid-lowering effects,^[@bibr9-1177271918785130],[@bibr42-1177271918785130]^ fibrinolytic activity and effects on coagulation,^[@bibr6-1177271918785130],[@bibr16-1177271918785130]^ and pharmacokinetics^[@bibr60-1177271918785130]^ and toxicology^[@bibr61-1177271918785130]^ in humans. The low number of NK clinical studies is probably related to the fact that NK is not registered as a drug, but, as a nutritional supplement, and, to date, clinical evidence has not been adequately conclusive.

###### 

List of published clinical studies on NK.

![](10.1177_1177271918785130-table1)

  Year   Location of study   Size of study   Clinical condition observed              Summary of findings                                                                                                                                                                                                                                                                                                    References
  ------ ------------------- --------------- ---------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------
  1990   Japan               12              Fibrinolytic activity                    3× NK daily oral administration resulted in enhanced fibrinolytic activity in the plasma and production of tissue plasminogen activator                                                                                                                                                                                Sumi et al^[@bibr6-1177271918785130]^
  2004   Japan               24              Ischaemic stroke                         NK demonstrated a clear neuroprotective effect in patients with acute ischaemic stroke                                                                                                                                                                                                                                 Shah et al^[@bibr56-1177271918785130]^
  2008   Korea               86              Hypertension                             NK supplementation resulted in a reduction in both systolic and diastolic BP (*P* \< .05)                                                                                                                                                                                                                              Kim et al^[@bibr8-1177271918785130]^
  2009   Taiwan              45              Blood coagulation factors                2 mo of NK treatment significantly decreased fibrinogen, factor VII, and factor confirming a promising cardiovascular benefit                                                                                                                                                                                          Hsia et al^[@bibr17-1177271918785130]^
  2009   Taiwan              30              Hyperglycaemia                           A decrease in serum cholesterol, LDL-C, and HDL-C in the NK group was observed following 8 wk of treatment (4000 FU), but the difference was not statistically significant                                                                                                                                             Wu et al^[@bibr42-1177271918785130]^
  2013   USA                 11              Pharmacokinetics                         NK can be measured directly in the human blood after single dosing. Serum levels of NK peaked at approximately 13.3 h ± 2.5 h                                                                                                                                                                                          Ero et al^[@bibr60-1177271918785130]^
  2015   Japan               12              Thrombolysis and anticoagulation         Blood fibrin/fibrinogen degradation products (thrombolysis and anticoagulation profile) were significantly increased 4 h after NK administration following a single dose of 2000 FU (*P* \< .05), supporting NK as a useful fibrinolytic/anticoagulant agent to reduce the risk of thrombosis and CVDs in humans       Kurosawa et al^[@bibr16-1177271918785130]^
  2016   USA                 79              Hypertension and von Willebrand factor   NK consumption for 8 wk led to beneficial changes to BP in hypertensive patients. A decrease in vWF was seen in the female population consuming NK                                                                                                                                                                     Jensen et al^[@bibr15-1177271918785130]^
  2016   USA                 11              Toxicology/toxicity                      NK consumption of 10 mg/kg/day for 4 wk was well tolerated in healthy human volunteers suggesting that the oral consumption of NK is of low toxicological concern                                                                                                                                                      Lampe and English^[@bibr61-1177271918785130]^
  2017   China               76              Atherosclerosis and hyperglycaemia       Daily NK treatment (6500 FU for 26 wk) effectively suppressed the progression of atherosclerosis in patients with atherosclerotic plaques by reducing CCA-IMT and carotid plaque size significantly. NK treatment reduced total cholesterol, LDL-C, and triglyceride and increased HDL-C in hyperlipidaemic patients   Ren et al^[@bibr9-1177271918785130]^

Abbreviations: BP, blood pressure; CCA-IMT, common carotid artery; CVD, cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NK, nattokinase.

It should be pointed out that [clinical.gov](http://clinical.gov) has, to date, published around 10 clinical trials of NK or natto with the most recent one, entitled "Nattokinase Atherothrombotic Prevention Study" (NCT02080520) being currently conducted by a team of researchers at the University of Southern California (USC; details can be found in <https://clinicaltrials.gov>). Among these studies, the one from USC (NCT02080520) is a considerably large-sized phase 2 clinical trial and we are awaiting the outcomes of this trial.

More human studies are required to ascertain the efficacy of NK, the indications for its use, and possible drug interactions when used concurrently with other drugs used to treat patients with CVD.

Advantages of NK {#section9-1177271918785130}
================

As stated above, the advantages of NK include a proven safety profile with a long history of human consumption, the convenience of oral administration (many antithrombotic drugs are injectable), ease of mass production, and it possesses multiple key favourable cardiovascular effects.

The fact that multiple clinical trials on NK have been conducted, or approved to be conducted, provides a good indication of the safety of administration in human subjects. Recent toxicology studies (both in vivo and in vitro) have provided strong corroboration of the safety of oral consumption of NK and these studies concluded that, to-date, there is no toxicologic concern for NK human consumption.^[@bibr61-1177271918785130],[@bibr62-1177271918785130]^ The safety of NK has been comprehensively evaluated in several Good Laboratory Practice (GLP)-compliant studies in rodents and in human volunteers.^[@bibr61-1177271918785130]^ Nattokinase was found to be nonmutagenic and nonclastogenic in vitro, and no adverse effects were observed in 28-day and 90-day subchronic toxicity studies conducted in rats at doses up to 1000 mg/kg/day, which is 100 times higher than the usual dose used in humans. In human volunteers, no adverse effects were observed following 4 weeks of NK consumption at a daily dose of 10 mg/kg for 28 days.^[@bibr61-1177271918785130]^ No sign of toxicity was observed in the Ames test, the bone marrow cell micronucleus tests, or the mouse sperm abnormality tests following NK treatment. In an acute toxicology study conducted by Fu et al,^[@bibr62-1177271918785130]^ no sign of toxicity was observed at daily doses of NK of up to 4 g/kg for a period of 30 days. All these data collectively confirm NK to be a safe product with very little or no toxicologic concerns.

In Japan, China, Korea, and Western countries including Australia, United States, Canada, and Europe, NK products are widely used in the form of tablets or capsules as nutritional supplements for health promotion including blood thinning, blood clot prevention, and improved circulation. The cost of NK supplements is relatively inexpensive, with the cost of daily doses of 200 to 400 mg being approximately US \$0.3 to US \$0.8 depending on the source of the product. With the advancement of NK production and purification technologies, it is expected that the cost of NK will continue to be low, making it an economically viable drug.^[@bibr28-1177271918785130]^

One of the great advantages of NK is that, as an orally active compound, it possesses many key favourable cardiovascular effects for patients with CVD. Nattokinase has the potential to streamline drug use and to improve patient compliance in CVD prevention and treatment.

Remaining Issues {#section10-1177271918785130}
================

One key question that has not been adequately addressed is the mechanism by which NK is absorbed into the bloodstream after oral administration. There is no current convincing data available to demonstrate the bioavailability and metabolism of NK administered as an oral dose. The only related study is one showing that, in rats, intraduodenal administration of NK, at a dose of 80 mg/kg leads to degradation of fibrinogen in plasma.^[@bibr63-1177271918785130]^ It should be noted that the NK used was not subjected to digestive gastric fluids and the dose was high in pharmacologic terms. Thus, the relevance of the data is questionable. Recent pilot studies on the pharmacokinetics of NK have not provided an answer to the question of how NK is absorbed into the body.^[@bibr16-1177271918785130],[@bibr60-1177271918785130]^ In fact, the pharmacokinetic data are rather inconsistent and mismatched with pharmacodynamic activities. Ero et al^[@bibr60-1177271918785130]^ claimed that NK was measured directly in their study with a peak concentration at 13.3 hours after oral administration, whereas the thrombolytic activity of NK, measured in another study, was shown to peak 2 to 4 hours after oral dosing.^[@bibr16-1177271918785130]^ These data imply that measurements of NK in the published studies may not be those of the intact NK molecule. Although it has been assumed that NK is stable in the GI tract^[@bibr19-1177271918785130],[@bibr28-1177271918785130]^, it is important to address the key question of the mechanism of NK absorption into the body, with more convincing direct evidence. In fact, several groups have pointed out that the molecular size of NK is considered to be generally too large for oral absorption through the GI tract.^[@bibr19-1177271918785130]^ It is recognised that NK may be susceptible to chemical oxidation and subsequent inactivation, or denaturation, in the GI tract.^[@bibr64-1177271918785130]^ Thus, further studies are required to fully understand the pharmacokinetics of NK.

Potential drug interactions and contraindications to the use of NK in humans are not currently known. There is one report of a patient concurrently using aspirin and NK (400 mg daily), experiencing an acute cerebellar haemorrhage.^[@bibr65-1177271918785130]^ In addition, multiple microbleeds were demonstrated on brain magnetic resonance images suggesting that NK may increase risk of intracerebral haemorrhage in patients who have bleeding-prone cerebral microangiopathy and are taking aspirin concurrently.^[@bibr65-1177271918785130]^ In another report, a patient developed a thrombus in a mechanical valve after nearly a year of NK use without warfarin and underwent a successful repeat valve replacement.^[@bibr66-1177271918785130]^ Use of multiple drugs concurrently is common in patients with CVD. Therefore, it is particularly important to elucidate the potential possible interactions of NK with other drugs acting on the cardiovascular system.

Given the fact that serine proteases, currently in clinical use for stroke patients, have been implicated in tumour growth and metastasis,^[@bibr67-1177271918785130],[@bibr68-1177271918785130]^ it is necessary to design studies to evaluate the potential carcinogenic effects, and effects on cell invasiveness, of NK use in in vitro and in vivo model systems, and to ascertain the presence of any cardiotoxicity associated with this compound.

Concluding Remarks {#section11-1177271918785130}
==================

In recent years, NK has gained popularity due to its beneficial cardiovascular health effects. Research defining the pharmacologic effects of NK and refining the production and purification of NK is increasing. It is particularly exciting to observe that every year contemporary research on NK continues to find more positive and favourable clinical benefits resulting from NK use. For example, NK was recently demonstrated to effectively reduce nasal polyp tissue through fibrin degradation,^[@bibr69-1177271918785130]^ indicating its potential in the treatment of chronic rhinosinusitis. The emerging picture of NK is one of the unique natural compounds with many favourable health effects, especially for patients with CVD. Importantly, NK simultaneously effects several key favourable benefits for thrombosis, hypertension, atherosclerosis, hyperlipidaemia, platelet aggregation, and neuroprotection in patients with CVD. These multiple benefits to patients make the role of NK very unique in the prevention and treatment of CVD with reduced side effects commonly associated with conventional CVD drugs. In addition to the unique multiple functions of NK, other advantages to the patient include ease of oral administration, a robust safety profile and a long in vivo half-life.

In summary, compared with traditional antithrombotic and antihypertensive drugs, NK is characterised by high safety, low cost, simple production process, oral availability, and long in vivo half-life. As such, it is expected to become a new-generation drug for thrombotic disorders or CVDs. Although human trials and clinical studies demonstrate the clinical benefits of NK in the clinical settings, there remain a number of limitations. However, all the available data are encouraging and promising and further clinical trials are needed to fully examine the prospect of NK as an alternative medication to tPA, aspirin, warfarin, or newer anticoagulants in the management of CVD. In the near future, it is possible that patients with CVD may need only a single NK pill to replace multiple drugs administered for the prevention and management of CVD, including tPA, antihypertensives, statins, aspirin, and warfarin.

There are a few obstacles that remain to be overcome for NK to become more widely accepted as a drug, or drug candidate, for CVDs and these include establishment of pharmacokinetic evidence of the absorption and metabolism of NK in humans and the requirement for extensive studies to elucidate potential drug interactions between NK and other cardiovascular drugs, which are commonly, and concurrently, used in the prevention, treatment, and management of CVD in affected patients.
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